Background: The aim of this study was to analyze the effect of supplementation with chokeberry (Aronia melanocarpa) juice on the levels of pro-inflammatory cytokines, hepcidin, and selected markers of iron metabolism in rowers subjected to exhaustive exercise. Methods: This double-blind study included 19 members of the Polish Rowing Team. The subjects were randomly assigned to the supplemented group (n = 10), receiving 150 mL of chokeberry juice for 8 weeks, or to the placebo group (n = 9). The participants performed a 2000-m test on a rowing ergometer at the beginning and at the end of the preparatory camp. Blood samples were obtained from the antecubital vein prior to each exercise test, one minute after completing the test, and after a 24-hour recovery period. The levels of hepcidin, interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-alpha), ferritin, iron, uric acid, and myoglobin were determined, as well as the total iron-binding capacity, unbound iron-binding capacity, and total antioxidant capacity (TAC).
Physical exercise, especially an exhaustive activity, results in a number of unfavorable changes, such as a prooxidant shift in the prooxidant-oxidant balance, hyperthermia, metabolic acidosis, hypoglycemia, and hemoconcentration [1, 2] . These processes contribute to a decrease in the osmotic resistance of erythrocytes and their greater susceptibility to hemolysis. This results in an increase in the free iron level, which not only induces free radical-mediated processes, but also enhances inflammation [3, 4] . Recent studies showed that inflammatory conditions lead to a decrease in the level of iron, which seems to be analogous to the post-exercise drop off in iron observed in athletes and manifesting as the so-called "sports anemia". It is likely that this phenomenon is triggered by an acute phase response, which is associated with an increase in the level of cytokines and the resultant enhancement of hepcidin synthesis. The overproduction of hepcidin leads to an accumulation of plasma iron in macrophages and hepatocytes, reduced intestinal absorption of iron by enterocytes, and a decreased plasma level; inevitably, all these processes lead to anemia [5] .
The protective role of flavonoids during inflammation may be associated with their ability to sequestrate iron [6] and the regulatory effect they exert on immune components involved in inflammatory processes [7] . An animal model study conducted by Ohgami et al. [8] showed that chokeberry extract exerts strong anti-inflammatory effects during endotoxin-induced uveitis in rats. The authors of this study documented a significant, dose-dependent decrease in the number of inflammatory cells, concentration of protein, and levels of nitric oxide, pyrogenic prostaglandin E 2 and tumor necrosis factor alpha (TNFα) in the aqueous humor of the chokeberry extract-treated animals. The beneficial effects of chokeberry extract supplementation were also documented in humans [9] .
The number of published research documenting antiinflammatory effects of flavonoids in the context of exercise-induced changes is sparse. Therefore, there is a need to verify if and to what extent, supplementation with polyphenol-rich chokeberry juice may alter the inflammatory indices of elite athletes subjected to intensive exercise load. Moreover, we verified if active compounds of the chokeberry juice may influence the markers of iron metabolism in athletes during the competitive phase of their training cycle. We hypothesized that implementation of the chokeberry juice to athletes' diet may modulate their post-exercise plasma levels of IL-6 and TNFα, and stimulate favorable changes in iron metabolism parameters.
Materials and methods
The study included 19 male members of the Polish Rowing Team (16 heavyweight and 3 lightweight rowers). The basic characteristics and sport classes of the athletes are presented in Table 1 . The study was conducted between May and July, during an 8-week training camp taking place between the preparatory and competitive phase of a yearly training cycle. The characteristics of a training profile, such as intensity, volume (in minutes), and type (specific, i.e. rowing: endurance, technical, speed, etc., and nonspecific: jogging, strength) were recorded on a daily basis. The intensity of the training was classified in relation to the lactic acid (LA) threshold (4 mmol/L): as an extensive (below the LA threshold) or intensive (above the LA threshold) workload ( Table 2) .
Food intake
Throughout the entire study period, the athletes resided and took their meals exclusively at one of the Olympic Games Training Centers. Their regular menu consisted of a mixed diet, providing the recommended dietary allowance (RDA) of carbohydrates, proteins, fats, and micronutrients (vitamins and minerals), as stated in the Polish Nutrition Society guidelines [10] . The athletes' daily food, caloric, and fruit and vegetable intakes were constant throughout the study period. All the athletes declared that they refrained from drugs, medications, and nutritional supplements for at least two weeks prior to the study and throughout the entire study period.
Experimental procedure
The athletes who were randomized to the supplemented group (n = 10) received 50 mL of chokeberry juice three times a day for 8 weeks. The anthocyanin content of the chokeberry juice (24 mg/mL) was determined spectrophotometrically. The contents of the other compounds (Table 3) were determined by means of Rapid Resolution Liquid Chromatography (RRLC), using the parameters summarized in Table 4 . The controls (n = 9) were given 50 mL of placebo three times a day for 8 weeks. The placebo, which contained a 6.6% solution of betaine [(CH3+)3 N + · CH2COO-] and 1% solution of citric acid, was identical to the chokeberry juice in terms of appearance and taste. Both the chokeberry juice and the placebo were manufactured by Europlant PhytoPharm Klęka S.A. (Poland). To minimize any possible bias caused by subjective factors, both the solutions were placed in identical dark bottles labelled with encoded information on the type of preparation and its recommended dosage. An appropriate measure was affixed to each bottle. The label codes were decoded after completion of the study. All subjects received information about the nature of the investigation and provided their written informed consent to participate in the study. The protocol of the study was approved by the Local Ethics Committee at the Poznań University of Medical Sciences.
Training program
Training volumes (expressed in minutes per day) during the weeks preceding the first and the second assessments (referred to as Trial I and Trial II, respectively), which included extensive rowing, intensive rowing, kilometers, and extensive nonspecific training, are shown in Table 2 . In the load training phase (before the first assessment), the training volume amounted to 1020 min · wk −1 , of which approximately 41% was extensive rowing, 21% was nonspecific training such as power training, and the rest was intensive rowing. The total training volume before the second assessment was 880 min · wk −1 and comprised approximately 53% extensive rowing, 18% intensive rowing, and 11% land training.
Rowing performance test
The athletes performed a controlled 2000-m time test on the first day (prior to supplementation) and at the end of the training camp (after supplementation). Each subject had to cover the distance on a rowing ergometer (Concept II, USA) in the shortest time possible. The results of both tests were taken into consideration during the selection to the championship team; therefore, the athletes were well motivated to perform both tests at maximal effort. Before each test, subjects performed a 5-minute individual warm-up.
Sample treatment
Blood samples were obtained from the antecubital vein, with dipotassium ethylene diamine tetra-acetic acid (K 2 EDTA) used as an anticoagulant. The samples were collected before each 2000-m test (in the morning after an overnight fast), one minute after completing the test, and after a 24-hour recovery period. The samples were centrifuged immediately after obtaining to separate red blood cells from plasma. Serum was frozen immediately and stored at −80°C until use. Additionally, capillary blood samples were obtained from a finger prick before and after each exercise test to assess athletes' LA levels.
Measurements
Serum IL-6 was measured using a commercially available enzyme-linked immunosorbent assay (ELISA; Quantikine HS, R&D Systems, Minneapolis, USA) with an assay range of 0.38-10 pg/mL. Serum concentrations of TNF-α (in pg/ mL) were quantified using a commercially available enzyme immunoassay (Quantikine, cat. no. DTA00C Human TNF-alpha). Serum hepcidin was measured using a commercially available ELISA kit (Wuhan EIAab Science Co., China) with an assay range of 0.187-12 ng/mL −1 .
The iron concentration and total iron-binding capacity (TIBC) were determined using the colorimetric method with chromogens (Randox, cat. no. SI257 and TI1010) and the results were expressed in μg/dL. The unsaturated iron-binding capacity (UIBC) was calculated from the formula: UIBC = TIBC -Fe. The myoglobin concentration 
Chemicals and reagents
The following reagents were obtained from Sigma: phenolic acids: caffeic, o-coumaric, p-coumaric, ferulic, gallic, and p-hydroxybenzoic; flavonoids: catechin, quercetin, and rutin.
Chromatography
The RRLC was performed with an Agilent Technologies 1200 series system comprising an autosampler (model G1329B), a pump (model G1312B0), and a diode array detector (model G1315C). The RRLC system was controlled by a ChemStation for LC 3D system. Spectral data from all peaks were recorded from 190-400 nm.
Chromatograms were recorded at 280 nm for gallic acid, p-hydroxybenzoic acid, and catechin; at 320 nm for caffeic, p-coumaric, o-coumaric, sinapic, and ferulic acids; and at 360 nm for rutin and quercetin. Compounds were separated on a 50 mm x 4.6 mm, 1.8 μm particle, SB-C18 column (Agilent). This column was thermostatted at 25°C (Table 4 ).
Statistical analysis
Statistical analyses were performed using the STATIS-TICA v. 10 
Results
The subjects form the supplemented group and the controls did not differ significantly in terms of mean age, body height, body weight, and years of training ( Table 1 ). The mean power output and total run time during the 2000-m test performed at the beginning of the training camp did not differ between the study groups. Furthermore, no significant differences in the pre-and post-test blood lactate levels were documented when the results for Trial I were compared to those of Trial II ( Table 5 ).
The pre-and post-test values of IL-6 are presented in Figure 1A . The analysis of variance documented significant exercise-induced changes of this parameter, with no significant effect on the study group. The post-exercise serum level of IL-6 was significantly higher the preexercise level, both prior to and after the supplementation period (P < 0.05). In contrast, a significant supplementation effect (main effect P < 0.02) and lack of the exercise effect were documented for TNF-alpha levels ( Figure 1B) . The pre-exercise level of TNF-alpha after supplementation was significantly lower than prior to supplementation. Furthermore, the post-supplementation level of TNF-alpha at recovery was significantly lower than the respective parameter of the placebo group.
The comparative analysis results of the TAC are presented in Figure 2A . A significant interaction effect of exercise was documented by ANOVA in both groups (P < 0.001). Irrespective of the group, the post-exercise TACs were significantly lower than the respective preexercise values, both prior to and after supplementation. At the end of the study, the athletes from the supplemented group showed significantly higher TACs at recovery than the individuals from the placebo group. Both prior to and after supplementation, a significant increase in the concentration of uric acid (UA) was observed in both groups when the post-exercise values were compared with the respective levels determined at recovery ( Figure 2B ).
Exercise had a significant effect on the hepcidin level by ANOVA (P < 0.001). Both groups demonstrated a postexercise increase in hepcidin level at Trial II ( Figure 3A ). In addition, the results of ANOVA confirmed that supplementation with chokeberry juice exerted a significant effect on the plasma level of iron (P < 0.05). The level of iron determined during the recovery period of Trial II turned out to be significantly higher in the supplemented group than in the controls ( Figure 3B ). Moreover, physical exercise induced significant changes in the myoglobin levels of the study subjects (main effect P < 0.02). A post-exercise increase in myoglobin concentration was observed at Trial I, but not at Trial II (Table 6 ). No significant interaction effects were documented by ANOVA when comparing the supplementation and exercise groups, with regards to the ferritin, TIBC, and UIBC levels ( Table 6 ).
Discussion
In this study, we verified the hypothesis that supplementation with chokeberry juice (50 mg three times a day for 6 weeks) may prevent or at least attenuate the consequences of inflammation associated with intensive physical exercise, and exerts beneficial effects on the parameters of iron metabolism. The hereby documented favorable changes after supplementation with the chokeberry juice likely reflected chemical composition of the latter and Values represent the mean ± standard deviation. a LA, lactic acid. There were no significant differences after supplementation relative to before supplementation (P < 0.05). The ergometric exercise test performed by our rowers was reflected by a significant post-exercise decrease in the TAC of the plasma, which was observed both prior to and after supplementation (Figure 2A ). Previous studies also showed that exhaustive physical exercise can lead to reduction of the plasma TAC [11] and a resultant increase in the concentration of insufficiently neutralized free radicals, which may induce peroxidation of polyunsaturated fatty acids in erythrocyte membranes. Fiorani et al. [12] , revealed that human erythrocytes can uptake flavonoids via a passive diffusion mechanism, and, therefore, constitute a specific reservoir. While the vast majority of flavonoids (up to 85%) are accumulated in the cytosol, they are also incorporated into the erythrocyte membrane. According to Arora et al. [13] and Erlejman et al. [14] , the flavonoids accumulate at a lipid bilayer-aqueous phase interface, similar to cholesterol and alpha-tocopherol. Due to this intracellular location, flavonoids play vital roles in the stabilization of biological membranes, which become less fluid and thus more resistant to oxidation [15] . It is also worth highlighting the interactions of flavonoids, alpha-tocopherol, and ascorbic acid.
Flavonoids were shown to prevent intracellular oxidation of alpha-tocopherol and convert oxidized alphatocopherol back to its radical form (similar to vitamin C). Moreover, flavonoids protect ascorbic acid against oxidative injury and vice versa; thus, the protective effect of flavonoids is enhanced by vitamin C [16, 17] . According to Heidi et al. [18] , the phenolic compounds present in chokeberry juice are more efficient in regenerating and protecting alpha-tocopherol than ascorbic acid and the phenolic compounds of blackcurrant. These differences were attributed to high concentrations of two anthocyanins, cyanidin-3-arabinoside and cyanidin-3-galactoside, in chokeberry juice and the lack of these compounds in blackcurrants. In turn, Hwang et al. [19] , suggested that the strong antioxidant and radical-scavenging activities of black chokeberry extract can be associated with its high The values represent the mean ±SD. Abbreviations: TIBC total iron-binding capacity, UIBC unsaturated iron-binding capacity, PLA placebo group, SUPL supplemented group; *P < 0.05 relative to pre-exercise -post-exercise.
levels of antioxidants (total phenolics, total flavonoids, and proanthocyanidin contents), which protect against damage from reactive oxygen radicals. Our study also showed favorable changes in the TAC of athletes who supplemented with chokeberry juice. Compared to the respective pre-supplementation values, a significant increase in the TAC was documented in the supplemented group during the recovery period; furthermore, the postsupplementation TAC determined during the recovery period was significantly higher in the supplemented group than in the controls (Figure 2A ). Braakhuis et al. [20] , documented an inverse association between the antioxidant biomarker, the TAC, of rowing athletes and the chronic training dose on a performance test. A similar relationship was also reported by Margonis et al. [21] . The changes in the plasma level of antioxidants, observed after exhaustive physical exercise, are probably associated with a transfer of some of these compounds from tissues to plasma. Previous in vivo studies identified uric acid, an end-product of purine metabolism, as a major plasma antioxidant [22] . According to Wayner et al. [23] , the uric acid contribution to the TAC of the plasma is about 35-65%. Our athletes showed a significant increase in uric acid concentrations during the recovery periods after the exercise tests performed at Trials I and II (Table 6 ). However, as mentioned above, the concomitant increase in the TAC was observed solely in the supplemented group.
A relative balance between oxidized, reduced, and radical forms of antioxidants is maintained by flavonoids and constitutes an important element of protection against increased concentrations of reactive oxygen species. However, the role of flavonoids in the chelation of iron ions seems even more important, as this prevents formation of a highly reactive hydroxyl radical, a potent inductor of peroxidation of polyunsaturated fatty acids and polymerization of proteins, which are both present in erythrocyte membranes at high concentrations.
Previous studies [24, 25] revealed that structural alterations of erythrocyte membranes, resulting from enhanced generation of free radicals in response to exhaustive or long-term physical exercise, may lead to severe postexercise hemolysis, which results in an increase in the plasma level of free iron. Under physiological conditions, the iron of heme proteins (hemoglobin, myoglobin, cytochromes) is protected inside a cell. However, it can be released as a result of cellular injury. Therefore, control of free Fe ions represents an important aspect of iron metabolism. Two important biological mechanisms are postulated to be involved in this process. The first is associated with preventing formation of highly toxic reactive oxygen species via the control of free or weaklybound iron ions, and the second is aimed at protection of iron resources against bacterial degradation [26, 27] .
A number of bacterial species (e.g. Mycobacterium tuberculosis, Salmonella spp., and Yersinia spp.) require Fe 3+ /Fe 2+ ions for their growth. The decrease in pH, associated with exhaustive physical exercise and post-exercise inflammation (secretion of LA by activated granulocytes) promotes release of iron from hemoglobin, ferritin, and transferrin. Therefore, binding Fe +2 and other intermediate metals seems to be of vital importance. Anthocyanins, the major component of chokeberry, can chelate iron due to their specific chemical structure (presence of hydroxyl group in the C-ring) [28] . We showed that the same exercise test lead to different effects on the serum concentration of iron. There was an insignificant increase in this parameter at Trial I; while, the concentration slightly decrease at Trial II ( Figure 3B ). This suggests that the dynamics of serum iron are determined by a phase of training, rather than by the supplementation. We also did not document significant effects of chokeberry juice supplementation on the remaining parameters of iron metabolism, namely the levels of ferritin, TIBC and UIBC (Table 6 ). Although ferritin is considered an acute phase protein, its level in our rowers did not change significantly after the ergometric test. Similar findings were previously reported by Antosiewicz et al. [29] , who found that high-intensity interval exercise (triple Wingate anaerobic test) did not induce statistically significant changes in the levels of ferritin, iron and TIBC of highly trained judo athletes.
The competitive phase of a training cycle (i.e. the period corresponding to the end of our experiment) was characterized by a markedly greater proportion of high-intensity training (Table 4 ) and a higher severity of post-exercise inflammation. This was also reflected by a post-exercise increase in the TNF-alpha level ( Figure 1B ). Other authors [30, 31] also observed elevated TNF-alpha levels in rowing athletes exposed to intensive training loads.
At the end of our experiment, the levels of iron determined during the recovery period were significantly higher in the supplemented rowers than in the controls ( Figure 3B ). In addition, we documented a significantly lower pre-exercise level of TNF-alpha in the supplemented group when compared to the pre-supplementation level. Furthermore, the TNF-alpha level at recovery turned out to be significantly lower in the supplemented group than in the controls ( Figure 1B) . We also observed an inverse correlation between the post-supplementation levels of iron and TNF-alpha (−0.476; p < 0.05). According to a prior report, anthocyanins can attenuate the activity of major inflammatory enzymes, and prevent adhesion of leukocytes and their interaction with vascular endothelial cells via inactivation with TNF-alpha [32] . The administration of blackcurrant extract (equivalent to 48 g of blackcurrants) to individuals performing 30-minutes of exercise on a rowing ergometer with an intensity corresponding to 80% VO 2max was reflected by a markedly less pronounced post-exercise increase in TNF-alpha and IL-6 levels [33] . We did not document a significant influence of chokeberry juice on the level of IL-6 ( Figure 1A) . However, the concentration of this cytokine proved to be significantly modulated by physical exercise, which caused an increase in this parameter, irrespective of the analyzed group and trial. The level of IL-6 was positively correlated with the hepcidin level, both prior to (0.737; p < 0.05) and after the supplementation (0.506; p < 0.05). Hepcidin is considered an acute phase protein, as its synthesis in hepatocytes is induced by IL-6 [34] . This hormone is postulated to be an important mediator of post-exercise iron deficiency, which is observed in response to a number of physiological processes, such as inflammation, hypoxia, and an elevated concentration of Fe resulting from enhanced hemolysis, e.g. due to oxidative injury of erythrocyte membranes [3, 35] . We observed a post-exercise increase in the activity of hepcidin solely at Trial II, i.e. after supplementation ( Figure 3A ). Perhaps, this was the reason behind the postexercise decreases in the serum level of iron observed after supplementation.
We are well aware of potential limitations of the study. While we measured the parameters of iron metabolism, also determination of the markers of post-exercise hemolysis and its severity, such as bilirubin, haptoglobin, methemalbumin and free hemoglobin, would add considerably to our knowledge of beneficial effects of chokeberry juice in elite athletes.
Conclusions
We showed that the administration of a natural plant preparation with strong antioxidant potential, chokeberry juice, lead to an increase in the TAC of the plasma, as well as a decrease in the TNF-alpha level during the recovery period. Moreover, we observed a concomitant significant increase in the serum level of iron in the supplemented athletes. These results confirm the beneficial effects of chokeberry juice compounds in reducing the consequences of an intensive training load. Our findings justify the use of chokeberry juice in the supplementation of athletes undergoing maximal exercise.
Abbreviations ELISA: Enzyme-linked immunosorbent assay; IL-6: Interleukin 6; LA: Lactic acid; RDA: Recommended dietary allowance; RRLC: Rapid resolution liquid chromatography; TAC: Total antioxidant capacity; TIBC: Total iron-binding capacity; TNF-alpha: Tumor necrosis factor alpha; UIBC: Unsaturated iron-binding capacity.
